The micromanipulators basically require sufficient workspace and high natural frequency. However, previous designs have difficulty in satisfying the required workspace and natural frequency simultaneously, because the previous micromanipulators are coupled designs. In this study, a previous design was analyzed from the viewpoint of the axiomatic design. Then, a new design parameter, displacement magnifier, which transforms a coupled design into a decoupled design, was suggested. And a design procedure based on an axiomatic design was suggested. A spatial 3-degrees-of-freedom parallel-type micromanipulator was chosen as an exemplary device. According to the suggested design procedure, the micromanipulator having the required natural frequency was designed in the first step, and then the displacement magnifier satisfying the required workspace was designed sequentially. As a consequence, the micromanipulator has a natural frequency of 500 Hz and workspace of −0.5
I. INTRODUCTION
Ultra-precision positioning is an essential technology in many fields, such as scanning electron microscopy, X-ray lithography, and micromachining. With the further development of these fields, there is an increasing demand for ultra-precision positioning devices that can provide high displacement resolution and wide motion range [1] [2] [3] [4] .
Generally, a parallel-type manipulator has an inherently higher precision than a serial-type manipulator. Therefore, parallel structures are mainly adapted to design micromanipulators. Recently, there have been many studies on the analysis and design of micromanipulators with flexure hinges. The flexure hinge has numerous advantages, such as smoothness of movement, zero backlash, no stick-slip, and high precision. The use of flexure hinge mechanisms is generally the most appropriate approach to micromanipulators [5, 6] . Micromanipulators * E-mail: syhan@hanyang.ac.kr; Fax: +82- 2-2298-4634 are usually driven by a piezo translator (PZT) that has smooth motion, infinite resolution, high stiffness, and high speed response. However, the maximum stroke of a PZT commonly used is only about 0.1 % of its length; thus it is not adequate for the demanded workspace [2] [3] [4] [5] [6] .
If vibrations are to be suppressed and task workspace requirements satisfied for micromanipulators, the manipulators basically require a high natural frequency and sufficient workspace. However, previous micromanipulators have a coupled design because high natural frequency and sufficient workspace cannot be independently changed [3] [4] [5] [6] . Therefore, this paper suggests a new design parameter, the displacement magnifier, and a new design procedure based on a decoupled design in an axiomatic design [7] . A spatial 3-degree-of-freedom (3-DOF) parallel-type micromanipulator was chosen as an exemplary device. By using the proposed design procedure, we designed a micromanipulator having the required natural frequency as a first step; then, we designed a displacement magnifier satisfying the required workspace. The required natural frequency and the workspace were established as 500 Hz and −0.5
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• Fig. 1 . A spatial 3-DOF micromanipulator [5] . Fig. 2 . Modeling of the spatial micromanipulator [5] .
in the directions of α and β, respectively. To verify the effectiveness of the micromanipulator and the displacement magnifier, we performed simulations by using a finite element method (FEM), and to corroborate the availability of the displacement magnifier, we performed experiments.
II. A SPATIAL 3-DOF MICROMANIPULATOR
The micromanipulator shown in Figure 1 was chosen as an exemplary device in this study. It is a parallel-type mechanism composed of an upper plate and three serial chains. Each chain consists of a spherical flexure hinge, a revolute flexure hinge, and a prismatic joint of PZT, and is fabricated as one-module. The three chains are 120
• apart from each other. The symmetric structure reduces the effect of the temperature gradient and disturbance. This mechanism has three degrees of freedom to the directions of α, β and z in space. The spherical and the revolute flexure hinges behave like mechanical joints by their compliances [5] . The modeling of the joints and the coordinates of the manipulator are shown in Figures 2 and 3 . R and r are the radii of the lower and upper plates, respectively. The revolute and the spherical flexure hinges are realized as 1-DOF and 3-DOF, respectively. H i denotes the displacement of a prismatic joint. In Figure 2 , Sp¯u and Sp¯l indicate the upper and the lower lengths of a spherical flexure hinge, respectively. Re¯u and Re¯l denote the upper and lower lengths of a revolute flexure hinge, respectively. P r¯l indicates the length of PZT. P bt is a position vector, which locates the center of the upper plate relative to the global coordinate located at the lower plate. The transformation matrix of the local coordinate frame attached to the upper plate can be described by Eq. (1) with respect to the global coordinate frame:
The output vector i ϕ of the proposed mechanism is composed of the positions x, y, z and the x-y-z Euler angles α, β and γ. Since the mobility number of this system is three, the independent output vector u ind , is determined as α, β and z, and the remaining components are treated as elements of the dependent output vector u dep . The input vector i ϕ of the i th serial chain is defined as
Now, we analyze the inverse kinematics of the proposed mechanism. The inverse kinematics calculates the input vector of each chain for a given u ind = [α, β, γ]
T . P i denotes the position vector of the point P i in the i th chain with respect to the global coordinate frame and is defined as
Furthermore, the position vector b i of the point B i with respect to the local coordinate fixed on the upper plate is described as
where b lx = r + Sp¯u cos θ tr , b lz = r + Sp¯u sin θ tr , and θ tr =45
• . The position of B i can be described with respect to the global reference coordinate frame as follows:
As the links B 1 P 1 , B 2 P 2 and B 3 P 3 are constrained by the revolute joints to move in the planes Y = 0, Y = − √ 3X, and Y = √ 3X, respectively, the constraint equations imposed by the revolute joints are
Then, by using x-y-z Euler angles, the elements of Eq. (1) can be expressed as n 1 = cos β cos γ, n 2 = sin α sin β cos γ + cos α sin γ, n 3 = − cos α sin β cos γ + sin α sin γ, o 1 = − cos β sin γ, o 2 = − sin α sin β sin γ + cos α cos γ, o 3 = cos α sin β sin γ + sin α cos γ, a 1 = sin β, a 2 = − sin α cos β, a 3 = cos α cos β.
From Eqs. (6) and (7), the Euler angle γ about the z axis of the global coordinate frame is obtained as Substituting γ and the given Euler angle α, β into Eq. (7), all the elements of T b t are obtained: then, the center position of the top platform x c and y c are calculated from Eq. (6), and the position of B i is obtained from Eq. (5). Thus, the length between points B i and P i can be obtained as
where B ix , B iy , B iz , P ix , P iy , and P iz denote the elements of the position vectors of points B i and P i with respect to the global coordinate frame. In Eq. (9), B i P i is a constant value, and B ix , B iy , and B iz are known values. Therefore, H i is obtained by substituting Eq. (3) into Eq. (9):
The revolute joint variable i θ 2 of the i th chain is obtained geometrically from Figure 4 as follows:
Also, the spherical joint variables of the i th chain, i θ 3 , i θ 4 , and i θ 5 , are obtained from Eq. (12): By equating Eq. (12) to Eq. (13), we obtain the joint variables as
Consequently, all the elements of the input vector i ϕ have been obtained for the given independent output vector u ind .
III. AXIOMATIC DESIGN
Two of the most important functions of the micromanipulators are a high natural frequency and a sufficient workspace. Therefore, the FRs (functional requirements) of the mechanism in the axiomatic design [7] can be written as follows: FR1: sufficient workspace, FR2: high natural frequency.
A spatial 3-DOF micromanipulator also has the same FRs. For FR 1 , the DP 1 (design parameter) is related with the link structure. For FR 2 , DP 2 is related with the mass of the system. The DPs of the mechanism can be written as follows: DP1: use of many or long links, DP2: mass reduction of system.
Previous micromanipulators have had a coupled design because the two FRs cannot be independently changed. If the independence axiom is to be satisfied, the design matrix must be either diagonal or triangular. Therefore, instead of the previous DP 1 , a new DP 1 is suggested in this study as follows: DP 1 : use of a displacement magnifier A new DP 1 doesn't affect FR 2 at all. It is possible to change a full matrix into a triangular matrix with a Figure 5 . It is composed of four revolute flexure hinges and five links. b s , R s and t s are the width, radius, and thickness of the hinge, respectively. l s and θ s are the length between two hinges and an angle of inclination, respectively. The input and the output displacements are defined as the displacement of the PZT and the magnified displacement through the displacement magnifier, respectively. For the given input displacement by the PZT, the output displacement comes out as follows:
A typical PZT has a large force capacity, but it has a small stroke. Thus, the displacement magnifier can be employed to increase the stroke of the PZT without affecting the force capability. This study suggests a new DP 1 to satisfy the independence axiom. A designer satisfies FR 1 and FR 2 at the same time when the DPs can be determined independently and sequentially. The way to satisfy the required FRs is to change DP 2 for changing the value of FR 2 first, and then to change DP 1 , which does not affect the value of FR 2 , for changing the value of FR 1 . Therefore, a micromanipulator having the required natural frequency is designed in the first step; then a displacement magnifier that satisfies the required workspace is designed.
IV. DESIGNS OF THE MANIPULATOR AND THE DISPLACEMENT MAGNIFIER

Optimum Design of the Micromanipulator
The objective function of the optimum design process is to minimize the mass of the micromanipulator. Design variables were chosen as the radius of the upper plate, the displacement, the length, the radius, the thicknesses of the spherical and revolute flexure hinges, and the height of the revolute flexure hinge, because the natural frequency depends on these variables. The material properties of the manipulator are shown in Table 1 . Since the mechanism has a symmetric structure, optimum design was performed for only one serial chain. If the optimization problem is to be solved, the constraints must be considered. First, the yield stress of the mechanism must be considered. Since the maximum stress occurs at the hinge, the hinge's stress must be smaller than the yield stress σ γ . The constraints on the allowable stresses of hinges are described as
where S f is the safety factor, k is the rotational stiffness of each hinge, and K t is the concentration factor. Second, the constraints to be considered are on the sizes of the mechanism, and they can be expressed as
Third is the constraint on the structures of the mechanism. A manipulator can obtain a larger workspace in spite of a small input when (Re¯u + Re¯l) is greater than (Sp¯u + Sp¯l), which can be expressed as
Fourth, the structure of a revolute flexure hinge satisfies Re¯t Re¯b and Re¯t Re¯r, and that of a spherical flexure hinge satisfies Sp¯t Sp¯r. Re¯t, Re¯b, and Re¯r indicate the thickness, height, and radius of a revolute flexure hinge, respectively. Likewise, Sp¯t and Sp¯r denote the thickness and radius of a spherical flexure hinge. Those can be described as
Fifth, the constraints on the stiffness of the hinge must be considered and can be expressed as
Finally, the constraint on the natural frequency of the manipulator must be considered and is given as
where C i (i = 1, 2, 3, 4, 5) are constants, given in Table 2 . In summary, the optimization formulation of a manipulator satisfying the required natural frequency is written as follows:
Minimize mass Subject to
1 < r < 40 15 < Sp¯u < 50 15 < Sp¯l < 50 15 < Re¯u < 50 15 < Re¯l < 50 2 < Sp¯r < 5 2 < Re¯r < 5 0.3 < Sp¯t < 2 0.3 < Re¯t < 2 5 < Re¯b < 10 Find
A sequential quadratic programming (SQP) algorithm was employed to solve the optimization problem above. The result of the optimum solution is compared with that of the previous design (Figure 1 ) summarized in Table  3 . Optimum values are obtained by using MATLAB [9] . To satisfy the constraints, as well as the technical limits of fabricating the micromanipulator, we controlled the design variables by raising the numbers to two decimal places.
Design of the Displacement Magnifier
The required task space of the spatial micromanipulator is established, and the rotational angles about x and • ≤ α and β ≤ 0.5
• at the upper plate. The spatial manipulator has the same value at the same radius from the upper plate. Therefore, the design of the manipulator is direction independent, so the β rotational angle was considered in this study. The manipulator is to be designed by using the optimum values. If the re- quired task space is to be satisfied, a displacement of 135.4 µm at the first hinge is required. The magnification rates (out/in) are largely dependent on the angle of inclination θ s . Figure 6 shows the curve for the magnification rate vs θ s by Eq. (15), where in and out denote the input and output displacements, respectively. The constants used for the design of the displacement magnifier are shown in Table 4 . A displacement magnifier having a magnification rate of 3.01 (θ s = 8.7
• ) can be designed by use of the curve in Figure 6 when a P-841.30 PZT having the maximum stroke of 45 µm is used. In this study, however, a displacement magnifier having a magnification rate of 3.25 (θ s = 8.2
• ) was designed by considering errors in the manufacturing process.
V. SIMULATIONS & EXPERIMENTS
Simulations
Simulations for the natural frequency were performed for the optimum and the actual designs shown in Table  3 . Since the links and the flexure hinges in the modeling of the finite element method were assumed to be rigid and to be a rotational spring, respectively, a coarse mesh and a fine mesh were applied to the links and the flexure hinges, respectively, as shown in Figure 7 . Figure 8 shows the natural frequency analysis of the optimum design. The natural frequencies of the optimum and the actual designs were obtained as 505.32 Hz and 509.48 Hz, respectively, satisfying the natural frequency requirement. On the other hand, the maximum stress on each hinge occurs when the upper plate is rotated to 0.5
• in the α and β directions, respectively. For the two directions, the maximum stresses were obtained as 227 MPa and 147 MPa. Since the maximum stresses are smaller than the allowable stress, the required task space was verified to be free from yielding under the given constraints.
Simulations for the magnification rates, the natural frequency, and the maximum stress of the displacement magnifier were performed for the suggested design in Table 4 . The simulation results for the magnification rates of the displacement magnifier are shown in Figure  9 , which shows the lines for both the theoretical displacements obtained from Eq. (15) and simulated results from the finite element analysis. The stroke of the PZT was 45 µm. This allowed for an output range of 0 ∼ 146.6 µm theoretically, but the simulated output range was 0 ∼ 142 µm. Thus, the simulation results showed a 3.8 % disagreement. The natural frequency analysis is shown in Figure 10 , and the value was obtained as 1570 Hz. The maximum stress was obtained as 238 MPa, thus satisfying the required natural frequency and the allowable stress requirement. Figure 11 shows a schematic diagram of the experiment setup. The DC power supply was amplified by a power amplifier to drive the PZT. Displacement magnifiers driven by the PZT supplied the magnified displacement to the micromanipulator. The output displacement was measured by using a linear variable differential transformer (LVDT) with a 0.61-µm resolution. A PC was used to display, store, and analyze the experimental results.
Experiments
The new spatial 3-DOF micromanipulator shown in Figure 12 was manufactured by using the actual design in Tables 3 and 4 . It is a parallel-type mechanism composed of an upper plate, three serial chains, and three displacement magnifiers. Each chain consists of a spherical joint and a revolute joint, and a displacement magnifier is located at each base.
The experimental results obtained using the experiment setup are shown in Figure 13 . The figure shows the displacements for both the experimental and the simu- lation results. The stroke of the PZT was 45 µm. This allowed for the output range of simulation results to be 0 ∼ 142 µm, but the output range of experimental results was 0 ∼ 138.6 µm, a 2.4 % difference. There are several possibilities for this: an error in the manufacturing process and the friction effect at a coupling part of the displacement magnifier and the serial chain. However, the experimental results satisfy the task workspace of 135.4 µm.
An experiment for the natural frequency of the newly manufactured spatial 3-DOF micromanipulator was also performed. The natural frequency was measured as 512 Hz. Therefore, we verified that the manipulator satisfied the natural frequency requirement.
VI. CONCLUSIONS
In this study, a previous spatial 3-DOF parallel-type micromanipulator design was analyzed from the viewpoint of the independence axiom in an axiomatic design. Then, a new design parameter, the displacement magnifier which transforms a coupled design into a decoupled design, was suggested, and a design procedure based on an axiomatic design was developed.
According to the suggested design procedure, we first designed a micromanipulator having the required natural frequency; then, we designed a displacement magnifier satisfying the workspace requirement. The resulting spatial 3-DOF manipulator had a natural frequency of 500 Hz and a workspace of −0.5
• . To verify the effectiveness of the micromanipulator and the displacement magnifier, we performed simulations and experiments were performed. We verified that the micromanipulator and the displacement magnifiers worked very well and satisfied the task workspace and the natural frequency requirements.
